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DeletionHeight is a classic polygenic trait with high heritability (h2=0.8). Recent genome-wide association studies
have revealed many independent loci associated with human height. In addition, although many studies
have reported an association between copy number variation (CNV) and complex diseases, few have
explored the relationship between CNV and height. Recent studies reported that single nucleotide polymor-
phisms (SNPs) are highly correlated with common CNVs, suggesting that it is warranted to survey CNVs to
identify additional genetic factors affecting heritable traits such as height.
This study tested the hypothesis that there would be CNV regions (CNVRs) associated with height nearby genes
from the GWASs known to affect height.We identiﬁed regions containing >1% copy number deletion frequency
from 3667 population-based cohort samples using the Illumina HumanOmni1-Quad BeadChip. Among the iden-
tiﬁed CNVRs, we selected 15 candidate regions that were located within 1 Mb of 283 previously reported genes.
To assess the effect of these CNVRs on height, statistical analyseswere conductedwith samples from a case group
of 370 taller (upper 10%) individuals and a control group of 1828 individuals (lower 50%).
We found that a newly identiﬁed 17.7 kb deletion at chromosomal position 12q24.33, approximately
171.6 kb downstream of GPR133, signiﬁcantly correlated with height; this ﬁnding was validated using quan-
titative PCR. These results suggest that CNVs are potentially important in determining height and may con-
tribute to height variation in human populations.
© 2012 Elsevier Inc. All rights reserved.1. Introduction
Height is a typical polygenic complex trait with high heritability
(h2=0.8) [1]. Genome-wide association studies (GWASs) have
identiﬁed hundreds of variants associated with human height in
180 genetic loci [2]. Most of these association studies have investi-
gated common single nucleotide polymorphisms (SNPs). These com-
mon variants, however, explain only a small percentage of heritable
variation in height [3].
CNVs are multi-kilobase genomic regions that include varying de-
grees of deletion and duplication in different individuals [4]. Recent
studies have suggested an important role for CNVs in complex traits
[5–7]. To date, two studies have reported an association between
CNVs and height in children and in Chinese populations [8,9].
Although these studies have conﬁrmed that CNVs may contribute
to variation in height, the speciﬁc role of CNVs in height determina-
tion is still largely unknown. Recent CNV studies, however, haveunctional Genomics, Center for
ngcheongbuk-do, 363-951, Re-
rights reserved.shown that common CNVs were highly correlated with SNPs and
that most common CNVs contained relatively high densities of
SNPs [5]. Therefore investigation of CNVs nearby genes associated
with SNPs will contribute to unraveling the genetic basis of complex
diseases and phenotypes.
This study tested the hypothesis that CNVRs affecting height
would be located near genes associated with SNP previously
reported to be associated with height. To investigate the contribu-
tion of these CNVRs to height, we carried out an association study be-
tween selected CNVRs and height in 3667 Korean individuals using
the Illumina HumanOmni1-Quad BeadChip. This study revealed a
deletion, which had not previously been reported, that was associat-
ed with height. This ﬁnding provides a new perspective on our un-
derstanding of the genetic basis of height variation.
2. Results
2.1. Characteristics of discovered CNVs
We identiﬁed 657,466 autosomal CNVs, including 460,395 deletions
and 197,071 duplications, within the genome of 3667 individuals. The
average CNV size was approximately 11.7 kb (Supplementary Table 1)
and the median and the mean number of CNVs were 15 and 17.31,
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probes were designated CNVRs. Among these, there were 805 common
CNVRs with >1% CNV frequency (Supplementary Fig. 1). Distributions
of CNVs in the case group and control group are shown in Supplemen-
tary Fig. 2.
2.2. Selecting candidate CNVRs nearby known genes
Using the GWAS Integrator, we identiﬁed 276 loci within the HuGE
Navigator database that correlated with height. Excluding redundant
genes, we obtained a list of 283 non-redundant genes (see Supplemen-
tary Table 2).We selected a set of 11 CNVRs that were determined to be
within 500 kb of one of 283 genes previously correlated with height
and that fell into the “multiple-class” genotype cluster (Fig. 1; Supple-
mentary Fig. 3; Supplementary Table 3). Regarding the quality score
of the CNVtools, all of the multiple-class CNVRs were greater than
threshold 4 which was used in the WTCCC CNV association study [5].Fig. 1. Overall scheme of this study. We conducted two stage analyses to estimate more
exact CNV genotypes. In the ﬁrst stage, we used the PennCNV software to examine
CNVRs. And then, we selected 15 CNVRs that were within the 1 Mb ranges of genes
previously correlated with height. In the second stage, we estimated CNV genotypes
of 15 CNVRs using the CNVtools software package regarding signal intensity values.
After regression analysis, only 1 CNVR signiﬁcantly correlated with height.2.3. Statistical analysis
The tallest 10% of our study subjects (370 individuals) were classi-
ﬁed as our case group and the shortest 50% (1828 individuals) were
classiﬁed as controls. Logistic regression analyses revealed only 1
well-clustered multiple-class CNVR, near the gene GPR133 at chromo-
somal position 12q24.33, that showed signiﬁcant differences between
the case group and control group (P=0.0043; Pb0.05 after Bonferroni
correction) (see Figs. 2(A) and (B); Supplementary Fig. 4). The result
of the regression analysis is shown in Table 2.
We also conducted a linear regression analysis between identiﬁed
CNVRs and height. The CNVR located at 12q24.33 showed signiﬁcant
association with height (P=0.0096, adjusted for age and gender;
Supplementary Table 4).
2.4. Assessment of accuracy of CNVRs by experimental validation
To conﬁrm the reliability of CNVR designation,we performed exper-
imental validation with the TaqMan Copy Number Assay. We deﬁned
positive predictive value (PPV) as the standard of accuracy and veriﬁed
that the deletions of several CNVs were correctly predicted with high
positive predictive value (PPV=0.97; Table 3 and Fig. 2(C)).
2.5. Genetic difference of CNVR near the gene GPR133 at 12q24.33 among
populations
To identify the genetic difference of this CNVR, we compared the
minor allele frequency (MAF) of SNP, rs1569019, that was a previously
reported height associated SNP located on 12q24.33 in different
populations as a proxy for this CNVR (Supplementary Table 5) [10].
For comparison of genetic diversity, we also analyzed the CNV ge-
notype information of HapMap samples. HapMap Europeans showed
only diploid copy numbers while one sample with a copy deletion
was observed in both HapMap Asians and Yoruba (see supplementary
Table 6) [11].
3. Discussion
This study examined the association of CNVs with human height.
The hypothesis underlying this study was that common CNVRs would
neighbor genes involved in height. This study highlighted technical is-
sues with the CNV genotyping process and the importance of selecting
well-deﬁned CNV genotypes for association study. Recently, Wineinger
et al. assessed statistical approaches to estimate CNVs and their effect
on downstream association analyses [12]. They reported that estima-
tions of copy number deletions are less prone to error than copy num-
ber duplications and that estimates were greatly improved by setting
a threshold of 10 consecutive probes in genome array studies [12].
Based on this knowledge, we identiﬁed CNV deletion regions with
greater than 1% frequency, that were larger than 1 kb in length and
that were detected bymore than 10 consecutive probes on the Illumina
BeadChip. We examined the association of these CNVRs with multiple
near target genes which have been reported to inﬂuence height from
GWAS.
A deletion at chromosomal position 12q24.33, neighboring GPR133
showed the most notable difference in frequency between taller and
shorter individuals. Tall individuals had about a 2 fold higher deletion
frequency at this position than the shorter controls (Table 2). Previous
study has reported that several SNPs near GPR133, that fall in
12q24.33 region, are associated with height [10]. The association be-
tween this CNV locus and height, however, has not previously been
reported. Our logistic and linear regression analyses showed that the
variation in the size of this CNVR has a greater effect on height (height
range~0.7–1.2 cm) than the formerly reported height-associated SNP
near GPR133, rs1569019 (height range 0.949 cm) [10].
Fig. 2. A deletion at chromosomal position 12q24.33 is signiﬁcantly associated with height. (A) Position of the CNV deletionwithin 12q24.33. The identiﬁed CNVR in our study is marked
by redﬁlled square and red vertical line correspond to theposition of rs1569019 reported by Tonjes et al. (B) Histograms depict LDF plot of a deletion in 12q24.33 using the CNVtools. Copy
number genotypes of this regionwere clearly separated into two groups (normal and hemizygous deletion). Left side and right side of histogram represent case and control, respectively.
Higher peak of each histogram represents an estimated normal copy (2 copy), whereas lower peak represents an estimated hemizygous deletion (1 copy). (C) Quantitative PCR results of
the CNV region on 12q24.33 nearGPR133. We conducted validation experiment for 4 states: normal copy and single copy for cases and normal copy and single copy for controls. Samples
in each state were randomly selected. The copy number state of cases (left) and control samples (right). Higher bars of each ﬁgure represent a validated normal copy (2 copy) whereas
lower bars represent a validated hemizygous deletion (1 copy).
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the locus around GPR133 with height. Given reported genetic impact
of CNV, the deletion in this studywould havemore strong genetic effect
than previously reported SNP at 12q24.33. In this context, one might
think that previously height associated SNP rs1569019 in Europeans
may be a proxy for the CNV locus at 12q24.33 in this study. However,
rs1569109was not effective tagger for the CNV in Koreans (see Supple-
mentary Fig. 5). Moreover, rs1569109 was not signiﬁcantly associated
with height in Koreans. This would imply possible genetic diversity at
12q24.33 among populations. Interestingly, multiple studies reported
that distinct genetic pattern was observed at 12q24 across populations
[13–15]. In this study, we observed difference in MAF of rs1569109 be-
tween Asians and Europeans (see supplementary Table 5). In detail,
MAF of CEU is 0.106 whereas those of CHB and JPT are 0.012 and
0.017, respectively (MAF of Korean population=0.019).We further ex-
amined a linkage disequilibrium (LD) block patterns near rs1569019 for
each ethnics using Haploview software (Supplementary Fig. 6) [16]. As
discussed above, distinct pattern of LD blocks were shown among
populations. Given the population genetic diversity in genomic region
of the locus near GPR133, the designated region of Asians may have dif-
ferent genetic effect on height compared to Europeans. This difference
in genetic architecture was also shown in CNVs. We analyzed the CNV
genotype information of HapMap samples. HapMap Europeans showed
only diploid copy numbers while one sample with a copy deletion wasobserved in both HapMap Asians and Yoruba (see Supplementary
Table 6) [11]. Together, these results imply that GPR133 at 12q24.33 is
associated with height yet different genetic effect exists among
populations. Therefore, CNVR that we identiﬁed in this study may
have a stronger effect on height than rs1569019 in Korean population.
GPR133 encodes the adhesion G-protein-coupled receptor (GPCR or
GPR), a membrane-bound protein with a long N termini containing
seven transmembrane domains [17]. GPCRs transduce extracellular sig-
nals through heterotrimeric G proteins and are known to play a role in
regulating most physiological functions, especially cell growth and de-
velopment [17,18]. Activatingmutations of the Gαs subunit of G protein
have been found in growth hormone-secreting pituitary tumors. These
properties present a rationale for the association of GPR133 variations
with height [19]. Moreover, variants in GPR126, another GPCRs, have
also been shown to be associated with height, including trunk length
[20–22].
Interestingly, various transcription factor-binding sites have been
identiﬁed within this CNV region. Among them, binding sites for three
transcription factors, BATF, BCL3 and NF-kappa B have high cluster
scores, 530, 567 and 1000, respectively (see Supplementary Fig. 7).
BATF controls the differentiation of helper T cells [23]. BCL3 and
NF-kappa B also control the differentiation of helper T cells, deeply en-
gaged in the immune response, and interact strongly with each other
[24]. The role of these transcription factors in cell differentiation
Table 1
Basic characteristics of the study subjects.
Trait Total (N=3667) Male (N=1375) Female (N=2292)
Age (years) 59.83±10.05 61.39±9.89 58.90±10.02
Height (cm) 157.48±8.55 165.17±6.38 152.88±5.99
BMI (kg/m2) 23.79±3.07 23.49±2.98 23.97±3.10
BMI, body mass index; data are shown as mean±standard deviation.
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tension, with height.
It should be noted that this study has some limitations. First, we did
not conﬁrm the present ﬁnding in other populations. Second, the plat-
form used in this study (SNP microarray) has lower resolution for
CNV detection than array comparative genomic hybridization (aCGH)
or next-generation sequencing (NGS) [25]. Therefore, further studies
are necessary to replicate our ﬁndings in other large-scale populations.
Higher resolution technologies, such as NGS, will also help to uncover
causal relationships between CNVs and height.
In conclusion, we have examined the association of selected CNVRs
and height in a select population. We found a CNVR located near
GPR133 which may play a key role in regulating human height. This
study suggests an approach that may be useful in uncovering other ge-
nomic variations associated with complex traits such as height.4. Materials and methods
4.1. Study subjects
All of study subjects were selected from the NongChon1 cohort, one
of the Korean Genome Epidemiology Study (KoGES) population-based
cohort, that enrolled 5678 healthy individuals aged 38 to 90 living in
Yangpyeong, Goryeong and Namwon. Participants responded to a
written/oral epidemiological questionnaire and were subjected to a
series of laboratory tests to establish biochemical properties. A total of
3667 individuals (1375 male and 2292 female) were deemed appropri-
ate for this study based on the SNP quality control criteria (ﬁltering out
sampleswith call rate≤99%, excessive heterozygosity, inconsistent gen-
der, duplication, and cancer patients). The report ﬁle containing input
signal intensity of the 3667 samples was converted using the Illumina
BeadStudio software package.4.2. Phenotyping
Heightwasmeasured as themaximumdistance from theﬂoor to the
highest point on the head after removal of shoes using a stadiometer
and recorded to the nearest 0.1 cm. The average height of males was
165.2±6.4 cm and body mass index (BMI) was 23.5±3.0 kg/m2. The
average height and BMI of females was 152.9±6.0 cm and 24.0±
3.1 kg/m2, respectively. Females made up 62.5% of the test group
(2292 of 3667). Basic characteristics of our subjects are summarized
in Table 1. With consideration of age and gender, the upper 10% in
height (370 individuals) were deﬁned as the “taller” case group and
the lower 50% in height (1828 individuals) were deﬁned as the “con-
trol” group.Table 2
Data of the selected CNV for association analysis with height in Korean population.
CHR Locus Start(bp) End(bp) Nearby gene
12 12q24.33 130363561 130381275 GPR133
CHR=chromosome; DGV=database of genomic variants.
P-value that is b0.05 after Bonferroni correction is shown in boldface.4.3. Characteristics of CNV genotyping platform
Genomic DNA was extracted from peripheral blood with in-
formed consent. Genotyping was performed using the Illumina
HumanOmni1-Quad BeadChip, with ~200 ng of genomic DNA quan-
tiﬁed by using a NanoDrop spectrophotometer. This BeadChip con-
tains markers for 1,140,419 SNPs and 123,996 CNVs with median
CNV marker spacing of 1.2 kb.
4.4. CNV discovery
It has been noted that detection of copy number duplication is
more prone to error than those of deletions [12]. For this reason,
we only focused on detection of common autosomal CNV deletions
(>1% frequency) that contained at least 10 consecutive probes greater
than 1 kb in length as determined by the PennCNV software (Fig. 1)
[26]. The chromosomal coordinates of the identiﬁed CNVs were deter-
mined using the UCSC version hg18/NCBI Build 36 database.
4.5. CNV cluster plot analysis
Traditionally, genotypes of CNVs depended on threshold such as
segmental mean value (log R ratio) which is chosen by users. This ap-
proach is prone to error because thresholds are set strictly to reduce
spurious calls. The recent CNV association study of the Wellcome
Trust Case Control Consortium (WTCCC) reported that only about
40% of CNVs that they identiﬁed were well separated enough to be
genotyped [5]. Moreover, due to the poor signal-to-noise ratio of
CNVs relative to SNPs, the WTCCC study used statistical method to
estimate CNV genotype. Wineinger et al. recently recommended sig-
nal intensity as an alternative approach to CNV genotype estimation
[12]. Moreover, some studies have used a mixture-based model to
separate samples into more exact CNV genotype groups [5,27,28],
Similarly, we used two different software packages, PennCNV [26] and
CNVtools [28], for CNV detection and genotyping, respectively. Using
this approach, we assigned our selected CNVRs to three genotype
groups; “single-class”, “multiple-class”, and “ambiguous” [5,27]. Only
CNVRs in the “multiple-class” group were used for further analysis
(Fig. 1).
4.6. Candidate CNVR selection
We targeted CNV deletion regions within 500 kb (upstream and
downstream) of non-redundant genes reported to be involved in height
determination from GWASs using the GWAS Integrator of the HuGE
Navigator knowledge base (see Supplementary Table 2) [29].
4.7. Statistical analysis
Associations of selected CNVRs and height were performed by logis-
tic regression analysis using the SAS program (version 9.1; SAS Institute
Inc.). We only considered CNVRs that showed nominal signiﬁcance be-
tween cases and controls (Pb0.05). For the multiple comparisons, we
performed the Bonferroni correction. Adjusted P-value of less than
0.05, were considered signiﬁcant (Table 2). We also tested for correla-
tion of selected CNVRs and height with linear regression analysis after
adjusting for age and gender using SAS program.Type Frequency P-value DGV
Case Control
Deletion 0.062 0.031 0.0043 Overlapped
Table 3
Result of TaqMan copy number assays of the CNV at 12q24.33.
CHR Start End Length Assay ID State TP FP PPV
12 130363561 130381275 17.7 kb Hs03807432_cn Deletion 101 3 0.97
CHR=chromosome; TP=true positive; FP=false positive; PPV=positive predictive value; PPV=number of TP/(number of TP+number of FP).
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To verify the identiﬁed CNVRs,we carried out quantitative PCR using
the TaqMan Copy Number Assay (Applied Biosystems, Foster City, CA,
USA) according to the manufacturer's protocols. The samples used for
validation were randomly selected (case 48/control 56). Copy number
for each sample was calculated by Copy Caller v2.0 using the
manufacturer's protocol. Table 3 shows the validation result of identi-
ﬁed CNVRs. All experiments were replicated four times to enhance the
validation accuracy.
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